Introduction
China is rich in mineral resources of titanium, but 95% of which is vanadium-titanium magnetite ore, deposited in west-south part of country. 1) At present the ore which contains 31.3% Fe, 10.6% TiO 2 and 0.3% V 2 O 5 was smelted in blast furnace at Panzhihua Iron and steel Corporation. Most of the Ti component in the ore was separated from iron and concentrated into the molten slag in blast furnace process. The slag contains 22-25 % TiO 2 so it is a highly viscous slag. The slag-metal separation is difficult comparing with common ironmaking process. About 2-6 % metallic Fe droplets containing 1.4-1.7 % V remained in the slag phase.
Every year more than three million tons of the blast furnace slag are produced. Due to the dispersed distribution of Ti components in various fine grained (Ͻ10 mm) mineral phases with complex interfacial combination, it is difficult to recover the Ti components and metallic iron through traditional separation processes. 1, 2) In the past years, several mineral and metallurgy processes for treating the slag have been studied, such as flotation separation, combined with magnetic, hydro-metallurgy and melting reduction.
3) However, the recovery efficiency for Ti components of those processes were poor, so far the slag has not been efficiently utilized. 4) The main titanium-containing minerals in the slag are perovskite, titanaugite and Ti-rich diopside. The perovskite is composed of Ti 4ϩ , and the titanaugite and Ti-rich diopside are composed of Ti 2ϩ and Ti 3ϩ . 1) Based on several studies and practices [5] [6] [7] [8] [9] [10] [11] on the slag in a pilot plant, by blowing air to the molten slag during the dynamic oxidation process, (Ti 2ϩ ) and (Ti 3ϩ ) in the slag could be oxidized to (Ti 4ϩ ), most of the Ti component was enriched into the perovskite phase, the growth of the perovskite phase and the drop of metallic Fe droplets proceeded due to the dynamic oxidation of the molten slag. The perovskite phase can be separated from the slag by mineral dressing method, and this product can be utilized as raw material of the titanium pigment industry.
Dynamic oxidation remarkably affects the physical chemical characteristics of the molten slag such as chemical composition, the viscosity, and the temperature, which are directly related to the drop of metallic Fe droplets, and the enrichment, precipitation and growth of the Ti component. In other words, the dynamic oxidation is a crucial problem to the utilization of the slag.
The purpose of the present work is to study the effects of the dynamic oxidation on the physical-chemical properties of the Ti-bearing molten slag, the drop of the metallic Fe droplets and the precipitation of the Ti component from slag.
Experimental
The slag from Panzhihua Iron and Steel Corporation was used in this study. Chemical composition of the slag is listed in Table 1 . The slag for isothermal experiments was milled to 120 mm and dried in an oven at 100°C for 3 h.
A schematic diagram of the experimental apparatus for the isothermal experiments is shown in Fig. 1 . The slag was heated in a vertical MoSi 2 resistance furnace that was controlled by a program controller with a R type thermocouple. The temperature accuracy was within Ϯ3°C. An alumina tube was used as the reaction tube. The gas flow rate was indicated by a rotameter. Compressed air was used as oxidation gas. The inner diameter of the lance for air blowing was 3 mm.
Two hundred grams of slag were melted in a platinum crucible at 1 390, 1 400, 1 410 and 1 420°C for 20 min respectively, then air was blown into the molten slag at a flow The effects of the dynamic oxidation on the physical chemical characteristics of the Ti-bearing blast furnace slag, on the selective enrichment, precipitation and growth of the Ti component and the drop of metallic Fe from the slag have been investigated. Air was blown into the molten slag as oxygen resource through a lance during the dynamic oxidation process. It was found that the TiC, TiN, (Ti 2 O 3 ), Fe and (FeO) in the slag were oxidized, and the temperature of slag increased and the viscosity of slag decreased. These were not only in favour of the selective enrichment of the Ti component into the perovskite phase, but also in favour of the precipitation and growth of the perovskite phase, meanwhile promoted the coalescence, growth and drop of the metallic Fe droplets in the molten slag under an air agitation condition.
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rate of 1 L/min under a isothermal condition for 2, 4, 6, 8, 10 and 12 min respectively. Then the slag samples were slowly cooled to room temperature at a cooling rate of 5°C/min. Some samples were then obtained by air quenching after melted at 1 420°C for 2, 4, 6, 8, 10 and 12 min, respectively. The quenching temperature was 1 420, 1 410, 1 400, 1 390, 1 380 and 1 370°C, respectively. The slag temperature was continuously measured by a R type thermocouple. The variation of the viscosity of the remelted raw slag and the oxidized slag with temperature were measured by a high temperature viscometer. Because the (Ti A schematic diagram of the experimental apparatus for viscosity measurements is shown in Fig. 2 . The raw slag and the oxidized slag were remelted in a vertical MoSi 2 resistance furnace. A viscometer was conducted by loops to a platinum extension rod and to a measuring spindle made of molybdenum. The viscometer spindle was calibrated against standard oils (Brookfield). The spindle constant was determined by measuring the torque at several rotation speeds at immersion depths. After the molten state of the slag could be verified, the spindle rotating at a speed of 40- Table 1 . Chemical composition of the slag. 60 rpm was lower into the slag. The viscosity of slag was then measured.
The oxidized slag samples were polished and then characterized by an image analyzer, scanning electron microscopy (SEM) with energy dispersive spectrometry (EDX) and X-ray diffraction (XRD). The volume fraction and average grain size of perovskite phase were measured on an image analyzer by the line intercept method (average of 10 fields).
The pilot experiments for 30 kg and 1 200 kg slag were carried out in a pilot plant. Air was directly blown into various volume slag pots at the flow rate of 50 L/min and 80 m 3 /h respectively under a non-isothermal condition for 10 min, and the temperature was measured by a R type thermocouple and industrial rapid thermocouples respectively. According to the change of standard Gibbs free energy of the reaction, it is obvious that the oxidation of (Ti 2 O 3 ), TiN and TiC in the slag should be easy to take place under the dynamic oxidation condition. Figure 4 shows the variation of the (FeO), (FeO 1.5 ) and (FeO n ) (FeOϩFeO 1.5 ) content with the oxidizing time under an isothermal oxidation condition. It can be seen that the change of the (FeO n ) consist of three stages during the oxidation process, In the earlier stage I (0-4 min), (FeO) was rapidly oxidized, so the (FeO) content decreased and the (FeO n ) content gradually increased; In the second stage II (4-6 min), metallic Fe (in Table 1 ) was rapidly oxidized to (FeO), the (FeO) content increased again, the (FeO n ) content rapidly increased; In the last stage III (6-12 min), most of metallic Fe droplets settled at the bottom of the crucible, the metallic Fe content rapidly decreased (in Fig. 7) , correspondingly, the oxidation rate of the metallic Fe decreased, but (FeO) was rapidly oxidized again, the (FeO n ) content gradually increased.
Effects of the Dynamic Oxidation on the Tempera-
ture of Slag Figure 5 shows the variation of the temperature of slag with the oxidizing time under various oxidation conditions. It can be seen that there is a DT peak in the temperaturetime (T-t) curves, which indicate that the temperature of slag increased during the dynamic oxidation. With air as oxidation medium, the DT in the isothermal experiment of 200 g is 12°C, and the DT in the non-isothermal pilot experiments of 30 kg and 1 200 kg is 30 and 55°C, respectively.
The slag contains TiC, Fe, (FeO) and (Ti 2 O 3 ) which are easy to be oxidized during the dynamic oxidation, and the oxidation of the reducing substances release a large amount of heat, which causes the temperature of slag rose. The pilot experiments for 30 kg and 1 200 kg slag also indicated that higher temperature rise can be obtained for large volume of slag oxidized (in Figs. 5(b) and 5(c) ). Figure 6 shows the variation of the viscosity of the raw slag and the oxidized slag with temperature for various oxidizing time. The viscosity of slag decreased with the increasing of the oxidizing time but the viscosity rapidly increased for 12 min oxidized slag.
Effects of the Isothermal Oxidation on the Viscosity of Slag
The viscosity of slag is concerned with the (FeO n ), TiC, the temperature, the formations of crystalline phase and the melting point. The reason why Ti-bearing slag has higher viscosity is that TiC exists in the form of solid state particles.
1) Conversely, it is thought that a higher (FeO n ) content usually lowers the slag viscosity. 11, 12) In terms of the temperature dependences of viscosity for homogeneous slag and heterogeneous slag, 13) the viscosity decreases with the rise of the temperature, and varies with the formations and growth of crystalline phase. And also the viscosity increases with the rise of the melting point.
During the oxidation, the TiC content drops off, and the (FeO n ) content and the temperature of slag rise, consequently, the viscosity is reduced. The reason why the viscosity of slag increases after 12 min oxidation may be due to the formation and growth of the perovskite phase in the oxidized slag and the rise of the melting point of the oxidized slag.
Growth and Drop of Metallic Fe Droplets during
the Dynamic Oxidation Process Figure 7 shows the variation of the metallic Fe content in the slag with the oxidizing time under the isothermal conditions. It can be seen from Fig. 7 that the metallic Fe content in the slag rapidly decreased. The oxidation of metallic Fe causes the decrease of the metallic Fe content during the dynamic oxidation (in Fig. 4 ), but the decrease of metallic Fe content during the dynamic oxidation process is much larger than the decrease that the oxidation of metallic Fe causes (in Figs. 4 and 7) , this indicates that the decrease of the metallic content is not only a result of the oxidation of the metallic Fe, but also a result of the drop of metallic Fe. Metallic Fe settled at the bottom of crucible also verified the viewpoint. It also indicates that metallic Fe droplets gradually drop with a longer oxidizing time.
Because the slag has higher viscosity, and TiC is distributed on the surface of metallic Fe droplets in the form of solid state (in Fig. 8 ), and forms a interfacial layer between metal and slag phase, these inhibit the coalescence, growth and drop of metallic Fe droplets. 1) In addition, the TiC also affects the wetting characteristics of the interface between slag and metallic Fe droplets phases which changes from the wetting to the non-wetting, hence, it is difficult to deposit and separate metallic Fe droplet from the slag. 1) After air blown into the slag, TiC almost vanished, the viscosity of slag decreased, and the temperature increased, which cause the growth and drop of the metallic Fe droplets in the slag. The pilot experiment of 1 200 kg slag showed that most of metallic Fe settled at the bottom of the slag pot (in Fig. 9 ). The size of metallic Fe droplets changes from 10-60 mm to over 0.5 cm. Most of metallic Fe droplets behaved as a rigid sphere in the size of 1-9 mm in diameter, and the droplets smaller than 0.5 mm were less observed (in Fig. 9) .
The growth and drop of metallic Fe droplets is concerned with the rising of the slag temperature, the decreasing of the slag viscosity and air agitation under the dynamic oxidation which are not only in favour of the motion, collapse and coalescence of the metallic Fe droplets in the molten slag, but also in favour of the diffusion and transport between the large and small droplets, which cause the growth and drop of large droplets at the expense of small droplets.
14)

The Selective Enrichment of the Ti Component
during the Oxidation Process After cooling, the crystalline phases in the oxidized slag were examined by XRD, SEM and EDS. The results are listed in Table 2 . The SEM micrograph of the oxidized slag is shown in Fig. 10 . It can be seen that the titanaugite and Ti-rich diopside drop off with a prolonged oxidation time. As the oxidation time approaches 12 min, the titanium carbine, titanaugite and Ti-rich diopside almost vanished, and there only existed the spinel phase, an impurity phase and the perovskite as a main titanium-containing crystalline phase. It indicates that most of the Ti component in the slag was selectively enriched into the perovskite phase after air blown into the molten slag.
There exist (Ti ), which also accelerated the selective enrichment of Ti component into the perovskite phase.
The Selective Precipitation and Growth of the Perovskite Phase during the Oxidation Process
The volume fraction and grain size of the perovskite phase in the slowly cooled slag oxidized for different oxidizing time are shown in Fig. 11 . It is clearly shown that the volume fraction and grain size of the perovskite increased with a longer oxidizing time.
When the oxidizing time is 2 min, the volume fraction of the perovskite phase is 22.5 % and the average grain size of the perovskite phase is 31 mm; when the oxidizing time is 12 min, the volume fraction of the perovskite phase is 25.8 % and the average grain size of the perovskite phase is 50 mm; meantime, the volume fraction of the perovskite phase in un-oxidized slag is 12.0 % and the average size of the perovskite phase is 10 mm.
These experimental results indicate that the volume fraction of the perovskite changes from 12.0 to 25.8 % and the average grain size of the perovskite changes from 10 to 50 mm. The microstructures of the un-oxidized slag and oxidized slag also indicate that the volume fraction and grain size of the perovskite phase by the dynamic oxidation are much greater than those in the un-oxidized slag (in Fig.  12 ). The reason is that the decrease of the viscosity makes the nucleation rate I and crystal growth rate u increased, and the rise of the temperature promotes crystal growth rate u, the combination of the two effects accelerate the precipitation and growth of the perovskite phase. The respective rates can be expressed as follow 15, 16) : (10) where T is the absolute temperature, k is the Boltzmann constant, N 0 is the number of atoms on the surface per unit volume, f is the fraction of sites on the interface where atoms can preferentialty be added or removed, a is the interatomic distance, D is the diffusion coefficient, h is the slag viscosity, b is the geometry factor, and a and b are the dimensionless parameters related to the liquid-crystal interfacial tension and the entropy of fusion. T r is the reduced temperature: T r ϭT/T m , DT r ϭ1ϪT r , where T m is the melting temperature. Table 2 . Crystalline phases in the un-oxidized slag and the oxidized slag. For the un-oxidized slag, there exists TiC crystalline phase, which still exists in the form of solid state due to high melting point. Based on several studies, 1, 12) the TiC solid state particles can cause the viscosity rapidly increased, accordingly, the un-oxidized slag has higher viscosity. According to the Eqs. (9) and (10), a higher viscosity is not in favour of the precipitation and growth of the perovskite phase.
According to the model on the effect of crystalline phases on the viscosity of slag proposed by Annen et al., 12) slag could be treated as a mixture of the melt and crystalline phases. The viscosity of the mixture (m mixture ) would be expressed as a function of the liquid's viscosity (m liq ) and the solid content: (11) where c is the volume fraction of crystalline phases. It also indicates that the TiC crystalline phase plays an important role on the viscosity of the un-oxidized slag. In addition, The TiC particles are easy to grow and coarsen during cooling due to high melting point, and the large particle size causes a rapid increase in the viscosity. 1, 12) During the dynamic oxidation, the TiC particles gradually drop off. When the oxidizing time is 2 min or 6 min, the TiC particles almost vanish due to the oxidization of the TiC (in Table 2 ), which causes the decrease of the slag viscosity oxidized for 2 min or 6 min. On the other hand, compared to the slag oxidized for 12 min, a small quantity of the (Ti 2ϩ ) and (Ti 3ϩ ) in the slag oxidized for 2 min or 6 min is oxidized to (Ti 4ϩ ) (in Fig. 3) , accordingly, the precipitation and growth of the perovskite phase is very slow during cooling, and the experimental results of the quenched oxidized slag also indicate that the volume fraction and grain size of the perovskite phase in the slag oxidized for 2 min or 6 min during cooling are much smaller than those in the slag oxidized for 12 min (in Figs. 13 and 14) . According to the Eq. (11) and several studies, 1, 12) these small perovskite phase have little effect on the slag viscosity oxidized for 2 min or 6 min. In this case, the decrease of the slag viscosity due to the oxidation of the TiC may be much greater than the increase of the slag viscosity due to the precipitation and growth of the perovskite phase, hence, the viscosity of the slag oxidized for 2 min or 6 min decreases clearly. As the oxidizing time approach 12 min, although the TiC particles almost vanish (in Table 2 ), a large quantity of the (Ti 2ϩ ) and (Ti 3ϩ ) in the slag is oxidized to (Ti 4ϩ ) (in Fig. 3) , which promotes the rapid precipitation and growth of the perovskite phase by the following reaction: (Ca 2ϩ )ϩ (TiO 3   2Ϫ )ϭCaTiO 3 during cooling, accordingly, the volume fraction and the grain size of the perovskite phase rapidly increases during cooling. The experimental results also indicate that the volume fraction and grain size of the perovskite phase in the slag oxidized for 12 min during cooling are much greater than those in the slag oxidized for 2 min or 6 min (in Figs. 13 and 14) . According to the Eq. (11), the large volume fraction of the perovskite phase makes the viscosity of the slag oxidized for 12 min increased, which agrees well with the observation as shown in Figs. 6, 12 and 14. On the other hand, the large grain size makes the slag change from the melt to a mixture of the melt and crystalline phase(s), and these cause the viscosity of the slag oxidized for 12 min increased.
The increase of the viscosity of the slag oxidized for 12 min is not only due to the rapid increase of the volume fraction and grain size of perovskite phase, but also due to the rise of the melting point of slag. The melting point of slag can be estimated by determining a temperature (T L ) at which there exists a subsequent rapid increase in the viscosity.
17) The temperature (T L ) is thought to be the melting point of slag. 17) According to the method, the melting point of the slag oxidized for 2, 6 and 12 min are 1 336, 1 310 and 1 350°C, respectively (in Fig. 6 ). It is clearly shown that the melting point of the slag oxidized for 12 min particularly rises to near 1 350°C, accordingly, the viscosity of the slag oxidized for 12 min increases rapidly in the temperature range below 1 350°C because temperature of the slag approaches the melting point.
Conclusions
(1) The oxidation of (Ti 2 O 3 ), TiC, TiN, Fe and (FeO) in the slag not only release a large amount of heat which causes the slag temperature increasing, but also decrease the slag viscosity.
(2) The decrease of the slag viscosity, the increase of the slag temperature and air agitation promote the coalescence, growth and drop of the metallic Fe droplets in the slag. Most of metallic Fe droplets settles at the bottom of the slag pot, and the metallic Fe content in the slag decreases from 2.50 to 0.07 %.
(3) That (Ti   2ϩ   ) and (Ti 3ϩ ) in the slag oxidized to (Ti 4ϩ ) is good for the selective enrichment of the Ti component into the perovskite phase, meanwhile, the decrease of the viscosity and the increase of the slag temperature contribute to the precipitation and growth of the perovskite phase. The volume fraction of the perovskite phase increases from 12.0 to 25.8 % and the average grain size of the perovskite markedly increases from 10 to 50 mm.
(4) As oxidizing time approaches 12 min, the precipitation and growth of the perovskite phase rapidly increase, and the slag changes from the melt to a mixture of the melt and crystalline (s) and the melting point of the slag rapidly increases, these effects cause the viscosity of the slag oxidized for 12 min rapidly increased.
